Abstract-We have achieved 140-nm channel length graphene thin-film transistors (TFTs) on flexible glass with a 95-GHz intrinsic cutoff frequency and greater than 30-GHz intrinsic power frequency after standard de-embedding. The flexible glass substrate offers subnanometer surface smoothness as well as high thermal conductivity, 1 W/m · K, which can prevent thermomechanical failure, which is a limitation of plastic and rubber substrates. In addition, we developed a flexible 60-nm polyimide thin film as gate dielectric with low surface roughness less than 0.35 nm for optimal carrier transport and facilitate edge-injection contacts for low contact resistance. The maximum electron (hole) mobility is 4540 (1100) cm 2 /V · s, and the extracted contact resistance in the electron (hole) branch is 1140 (720) · μm. The intrinsic cutoff frequency is 196% higher than our previous results on polymeric substrates. Importantly, the experimental saturation velocity of the graphene TFT is the highest for any flexible transistor on any material system reported so far.
The flexible glass substrate offers subnanometer surface smoothness as well as high thermal conductivity, 1 W/m · K, which can prevent thermomechanical failure, which is a limitation of plastic and rubber substrates. In addition, we developed a flexible 60-nm polyimide thin film as gate dielectric with low surface roughness less than 0.35 nm for optimal carrier transport and facilitate edge-injection contacts for low contact resistance. The maximum electron (hole) mobility is 4540 (1100) cm 2 /V · s, and the extracted contact resistance in the electron (hole) branch is 1140 (720) · μm. The intrinsic cutoff frequency is 196% higher than our previous results on polymeric substrates. Importantly, the experimental saturation velocity of the graphene TFT is the highest for any flexible transistor on any material system reported so far.
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I. INTRODUCTION
T WO dimensional (2D) atomic sheets, such as graphene, are highly attractive for future flexible smart nanosystems due to its high carrier mobilities that can exceed 10,000 cm 2 /V · s at room temperature, high mechanical strength afforded by in-plane sigma bonds and fast frequency response with 100 GHz cut-off frequency initially demonstrated at 0.25 μm channel length and subsequently extended to 427 GHz at 67 nm channel length, both on rigid substrates [1] - [5] . Though these prior devices operated in the extremely high frequency (EHF) range, the spectrum from 30 GHz to 300 GHz, comparable EHF results on polymeric flexible substrates have not been achieved owing to: i) surface roughness, and ii) the low thermal conductivity of polymeric substrates such as polyethylene terephthalate (PET), polyethylene naphthalate (PEN) and polyimide (PI) [6] - [8] . Furthermore, thermomechanical failure is one of the critical problems in 2D material based flexible electronics [5] , [9] , [10] . In this work, we employ (Willow) glass substrates (from Corning) as a flexible substrate because it has lower surface roughness and higher thermal conductivity than commonly used polymeric substrates (Table I) . Notably, the flexible glass substrate enables higher field operation without the joule heating effects observed on plastic substrates [10] . By implementing graphene thin film transistors (GTFTs) on flexible glass, we demonstrate 95 GHz cut-off frequency, which is 196% higher than our prior results on polymeric substrates [11] . In addition, in the field of flexible electronics, the highest velocity saturation, ∼8.4×10 6 cm/s, was calculated from radio frequency (RF) measurement. Fig. 1 (a) shows a 3D illustration of GTFTs on flexible glass. Fig. 1 (b) and 1(c) are an optical image of top-view of GTFTs with six fingers and the ground-signal-ground (GSG) structure for RF measurement and cross-sectional view of graphene TFT on flexible glass, respectively. The graphene TFTs fabrication starts with patterning an embedded gate with six fingers. We used e-beam evaporation to create gate metal consisting of 2 nm thick Ti and 38 nm thick Au. Solution based nanoscale polyimide (NPI) precursor is spin-coated and cured at 250°C under N 2 atmosphere to form 60 nm-thick NPI gate dielectric [12] . The measured root mean square (RMS) roughness of NPI dielectric is less than 0.5 nm, which is important for reduced disorder and enhanced charge transport in the graphene channel. Chemical vapor deposited (CVD) monolayer graphene is then transferred to NPI gate dielectric by the PMMA assisted wet transfer [13] . The active graphene channel and edge-injection patterns were defined by EBL and O 2 Plasma (Fig. 1(c) and 1(d) ). Source and drain (S/D) patterns were defined by EBL and e-beam evaporation method to form the metal contacts consisting of 1 nm Ti and 45 nm thick Au. Channel length and width are 140 nm and 60 μm, respectively. Fig. 2 presents the electrical properties of representative graphene TFTs characterized at room temperature under ambient conditions. Output characteristics show linear transport at low field as well as weak current saturation at high field ( Fig. 2(a) ). Fig. 2(b) is a transfer characteristic at the drain voltage of 5 mV and inset shows the corresponding transconductance (mS/V). Experimental data have good agreement with the widely used diffusive transport model for graphene transistors [14] . The extracted mobility and contact resistance from the electron (hole) branch are 4540 (1100) cm 2 /V · s and 1140 (720) · cm, respectively. The mobility values are within the range of prior result of CVD graphene [13] , and further impacted by the short channel length of the graphene device [15] , which can be improved by reducing metalgraphene contact resistance [16] . The asymmetric transfer characteristic is attributed to high work-function metal at S/D, which increase additional junction resistance for electron transport [6] , [16] .
II. DEVICE FABRICATION

III. RESULTS AND DISCUSSION
Microwave performance was characterized up to 30 GHz using an Agilent two port network analyzer. In order to subtract the effects of the parasitic capacitance and inductance of the GSG probing pads, and the overlapped structure that obscure evaluation of intrinsic transit frequency ( f T ,int ), we employ a standard de-embedding method by using on-chip short and open test structures which have the same device dimension but without the active graphene channel, which ensures reliable de-embedding results [3] . Fig. 3(a) reveals the 95 GHz intrinsic cut-off frequency at V DS = 0.5 V and power gain ( f max ) over 30 GHz, and an inset shows the extrinsic current gain. Note that extrapolation line (−20 dB/dec) was fitted from 20 GHz to 30 GHz. Transfer characteristic of the device is shown in Fig. 2(b) . The intrinsic/extrinsic f T ratio is ∼16, because of significant effects of contact resistance that lower f T ,ext . Since extrapolation on a log scale can result in ambiguous f T ,int extraction in Fig. 3(a) , the value of f T ,int was also verified through the more accurate Gummel's method as shown in Fig. 3(b) [17] . In addition, intrinsic g m is extracted from the measured extrinsic G m (dI d /dV g ), which has effects of source and drain metal resistances, via the relation for source-degenerated transistor [6] ,
where G ds is the extrinsic device conductance (dI d /dV d ). The measured R s and R d are approximately 35 and 11 , respectively, resulting in g m of 30 μS. The intrinsic cut-off frequency can be determined from the intrinsic g m according to
Since the device operating is operating in the linear region, it is expected that the G m linearly increases with V d , yielding the intrinsic g m of 3.25 mS [6] . In addition, C g is 60 nF/cm 2 . Equation 2 yields an estimate f T ,int ∼ 95 GHz which is in good agreement with the experimental de-embedded value.
The three methods described above ascertain with confidence the outstanding RF performance of graphene TFT on The intrinsic cut-off frequency is ∼95 GHz, which is 196 % higher than our previous results on polymeric substrates. The intrinsic f max is at least higher than 30 GHz that is the frequency limitation of our test setup. An inset shows f T,ext , resulting in the intrinsic/extrinsic ratio, ∼16, because of significant effects of contact resistance that lower f T,ext . (b) f T,int extraction by Gummel's method. The inverse of the slope is ∼95 ± 1.5 GHz, which is in agreement with experimental data. (c) Flexible graphene RF device bench marking compared to prior results and other candidate materials [6] , [7] , [18] - [20] . glass substrate. Two related RF device metrics are worthwhile to consider for performance benchmarking, intrinsic f T , ·L and saturation velocity (ν sat ), which are related by
The extracted effective saturation velocity from f T measurement is ∼8.4 × 10 6 cm/s. Flexible TFT device benchmarking to prior results are shown in Fig. 3(c) , highlighting the performance advantage of graphene TFT on thermally conductive flexible glass substrate affording the highest saturation velocity reported so far, from any flexible TFT on any material system [6] , [7] , [18] - [20] . The outstanding RF device metrics achieved here are attributed to (i) high thermal conductivity of substrate that can facilitate the vertical heat dissipation through substrate unlike polymeric substrates, (ii) short channel length (140 nm) so that S/D metal acts as more effective heat sinks compared to longer channel lengths, (iii) low surface roughness of gate dielectric for optimal carrier transport, and (iv) low contact resistance due to edge-injection contacts [21] . To corroborate the saturation velocity obtained from RF measurement, field-dependent DC measurement of drift velocity was also conducted as shown in Fig. 4 [22] . For velocity-field relationship, constants for fitting model, such as low-field mobility (μ) of 1100 cm 2 /Vs, saturation velocity (v sat ) of ∼8.4 × 10 6 cm/s as well as fitting parameter γ of 2, 3 and 4, provide good fits to the experimental data further validating the RF finding.
IV. CONCLUSION
We have demonstrated graphene thin film transistors with embedded gates of six fingers with 140 nm channel length on flexible glass, which offer high thermal conductivity and surface smoothness in contrast to polymeric substrates. In addition, we developed a flexible nanoscale polyimide gate dielectric with surface smoothness comparable to rigid inorganic metal oxide dielectrics, affording reduced disorder and high frequency response. The maximum mobility and low contact resistance in electron (hole) branch are 4540 (1100) cm 2 /V · s and 1140 (720) · μm, and the (de-embedded) cut-off frequency of 95 GHz, is 196 % higher than the previous results on plastic substrate. The extracted saturation velocity is the highest from any flexible transistors Fig. 4 . DC field-dependent measurement of drift velocity. For velocity-field relationship: constants for analytical model, such as low-field mobility (μ) of 1100 cm 2 /Vs, saturation velocity (v sat ) of ∼8.4×10 6 cm/s as well as model parameter γ of 2, 3 and 4, provide good fits to the experimental data [22] . on any material system. The outstanding RF TFT performances achieved here are primarily due to improved heat dissipation, enhanced transport and reduced contact resistance.
